The first open reading frame (ORF 1) of potato virus X (PVX) encodes a putative replicase gene. Transgenic tobacco lines expressing ORF 1 are resistant to PVX infection when inoculated with either PVX or PVX RNA. Analyses of lines containing various portions of the ORF 1 gene demonstrated that resistance is conferred to plants by expressing approximately the first half of the ORF 1 gene. One line expressing the untranslated leader and first 674 codons of ORF 1 is highly resistant to PVX infection. Conversely, lines expressing either approximately the third or fourth quarter of the ORF 1 gene, which contain the conserved nucleotide triphosphate (NTP) binding motif and Gly-AspAsp (GDD) motif, respectively, are not protected from PVX infection. In the resistant full-length and amino-terminal lines, lower numbers of local lesions were observed, and the virus accumulation in the inoculated and upper leaves was reduced when compared with the nontransformed control. When the performance of the most resistant ORF 1 line was compared with the most resistant coat protein (CP) line in a resistance test, the best ORF 1 line was more resistant to PVX infection than the best transgenic line expressing the PVX CP gene. These findings define a promising new approach for controlling plant viral infection.
INTRODUCTION
The control of diseases caused by plant viruses is of considerable importance in modern agriculture. One approach utilized in the suppression of plant viruses is host-encoded control mechanisms, such as using cultivars with naturally occurring resistance genes. Another approach used to regulate plant viruses is to exploit virally encoded control mechanisms, such as classical cross-protection (Fulton, 1986) . A successful alternative to these methods is genetically engineered resistance. The first example of genetically engineered virus resistance was reported by Abel et al. (1986) , who demonstrated that plants expressing the coht protein (CP) gene from tobacco mosaic virus (TMV) were resistant to TMV infection. CP-mediated resistance has been successful with many viruses in both controlled environments and under field test conditions (reviewed in Beachy et al., 1990; Hanley-Bowdoin and Hemenway, 1992) . Genetically engineered resistance has also been demonstrated in plants expressing viral satellite RNAs from cucumber mosaic virus and tobacco ringspot virus (Gerlach et al., 1987; Harrison et al., 1987) and in plants expressing the read-through portion of the putative replicase gene from TMV (Golemboski et ai., 1990 ).
To whom correspondence should be addressed. Current address: North Carolina State University, Department of Biochemistry, Raleigh, NC 276957622, CP-mediated resistance to virus infection has been reported for potato virus X (PVX) in both transgenic tobacco and potato (Hemenway et al., 1988; Lawson et al., 1990) . We wished to test whether portions of the PVX viral genome, other than the CP gene, could be used to genetically engineer PVX-resistant plants. PVX is a plus sense, single-stranded RNA virus that is a pathogen in commercial cultivars of potato. PVX is mechanically transmitted, and both the virion and viral RNA are infectious. PVX RNA resembles eukaryotic mRNA in that the 5' terminus is capped and the 3' end is polyadenylated (Sonenberg et al., 1978; Morozov et al., 1981) .
The five open reading frames (ORFs) encoded by the PVX genome respectively contain the coding capacity for proteins of 165, 22, 12, 8 , and 25 kD. ORF 1 may encode the viral replicase protein because it contains severa1 conserved domains that are found in other known RNA-dependent RNA polymerase genes. For example, ORF 1 contains an NTP binding motif that could be the site of nucleotide triphosphate binding (Gorbalenya et ai., 1988) . In addition, ORF 1 contains the conserved Gly-Asp-Asp (GDD) motif that is thought to participate in the catalytic function of the replicase (Hodgman, 1988) . ORFs 2, 3, and 4 are often referred to as the triple block genes because the reading frames overlap. For another potexvirus, white clover mosaic virus, the triple block proteins have been shown to be necessary for transport (Beck et al., 1991) . The final ORF of PVX encodes the 25-kD capsid protein.
We have expressed the full-length putative PVX replicase gene and a series of defined fragments of the putative replicase gene in tobacco. We demonstrate that expression of full-length ORF 1 in transgenic tobacco confers resistance to PVX. In addition, we show that an amino-terminal fragment from the ORF 1 gene can confer PVX resistance. Finally, we compare the leve1 of resistance in transgenic plants expressing PVX ORF 1 or PVX CP
RESULTS
Construction of Vectors Containing ORF 1 and Subdomains of ORF 1 Figure 1 shows the genome organization of PVX. The putative replicase of WX, ORF 1, is 4371 nucleotides in length and is preceded by an 84-nucleotide untranslated leader. We modified plasmid pMON8660, which is a PVX infectious clone (Hemenway et al., 1990) , by site-directed mutagenesis. These modifications allowed us to clone the entire ORF 1 gene and portions thereof into pMON977, which is a single border plant transformation vector. Specifically, the addition of Sacl restriction sites at the 5'terminus of the cDNA clone and the 3'end of ORF 1 facilitated cloning the untranslated leader and ORF 1 gene, resulting in plasmid pMON8439 (Figure 16 ). To ensure that mutagenesis did not alter the sequence elsewhere (A) The five ORFs of PVX are represented by boxes positioned along the 6436-nucleotide genome. The vira1 RNA cap structure and poly(A) tail are shown positioned at the 5' and 3' termini, respectively. ORF 1 ts the lightly shaded box; approximate positions of the conserved NTP binding and GDD motifs are indicated. ORFs 2,3, and 4 are referred to as the triple block genes because the reading frames overlap and are represented by a stippled pattern. ORF 5 is displayed as a striped box and encodes the 25-kD coat protein.
(6) Vectors pMON8439, pMON8486, pMON8493, and pMON8494 are all derivatives of pMON977 and contain either the complete ORF 1 (pMON8439) or portions thereof. All inserts are posttioned between the promoter and 3' stgnals in the sense direction. Positions of the mal1 portions of ORF 1 are shown as genome base numbers above the fragment.
in ORF 1, we completely resequenced ORF 1. Except for the addition of the Sacl sites, the sequence of the ORF 1 gene was identical to the corresponding gene in pMON8660.
Additional mutagenesis of ORF 1, between codons 674 and 675 and between codons 1014 and 1015, allowed three portions of ORF 1 to be inserted into pMON977 to create plasmids pMON8486, pMON8493, and pMON8494 ( Figure 16 ). Plasmid pMON8486 contains approximately the first half of the ORF 1 gene, including the 84-nucleotide untranslated PVX leader and the first 674 codons of ORF 1. Because a stop codon is not present after codon 674, the ORF extends into the ribulose bisphosphate carboxylase small subunit (rbsS) region of the vector for an additional33 codons. Plasmids pMON8493 and pMON8494 were created by inserting restriction sites upstream of internal, in-frame methionine codons. Plasmid pMON8493 contains a portion of ORF 1 beginning at the methionine at position 675 and ending at the histidine codon at position 1014; a UAA codon, also inserted during mutagenesis, terminates this partia1 ORF 1 construct. This plasmid includes the conserved NTP binding motif, which has the consensus sequence of Gly-X-X-X-X-Gly-Lys-X', where X is any amino acid and X' usually is either serine or threonine (Gorbalenyaet al., 1988) . Thefinal441 codonsof ORF 1, which begin at the methionine residue at position 1015 and include the conserved GDD motif (Hodgman, 1988) , are present in plasmid pMON8494 (Figure 16 ). Plasmids pMON8439, pMON8486, pMON8493, and pMON8494 were used to transform tobacco (cv Samsun nn).
Expression Analysis of Transgenic Tobacco Lines
Primary transformants were analyzed for expression by RNA gel blot analysis (Thomas, 1980) . Transgenic RNA was detected in approximately 80°/o of the lines tested. Figure 2A shows the expected 4.5-kb ORF 1 transcript from severa1 plant lines transformed with pMON8439. A densitometry scanning of the autoradiogram shown in Figure 2A demonstrates that the steady state message levels vary approximately 10-fold (data not shown). Similarly, plants transformed with pMON8486, pMON8493, and pMON8494 also produced the expected 2.3-, 1. 1; and 1.4-kb transcripts, respectively (data not shown). From these analyses, it was clear that most of the transgenic lines produced detectable levels of transgenic RNA and that the RNA detected was of the expected length. The extent of ORF 1-encoded polypeptide expression levels in the transgenic lines remains to be determined. In preliminary experiments in which total plant proteins from crude leaf extracts were analyzed by probing protein blots with antisera raised against ORF 1 expressed in Escherichia coli, ORF 1-encoded protein was not detected in either transgenic lines or in PVX-infected control lines. Titration of the E. coli-derived antigen demonstrated that the sensitivity of detection on a protein gel blot was approximately 2 ng.
To determine whether the ORF 1 gene used to transform the transgenic plants was capable of being translated, this gene cosegregate in the progeny. For most lines, a 3:1 ratio of NPTII+ to NPTII-plants was observed; we have not determined whether these ratios were the result of a single insert or due to multiple integrations that were tightly linked.
For each protection test, 20 NPTII+ plants per line were inoculated with PVX. Ten plants per line were inoculated with a low viral inoculum concentration of 0.5 ng/mL PVX, and the remaining 10 plants were inoculated with 5.0 ng/mL PVX. Nontransformed tobacco (cv Samsun nn) plants were used as controls and were similarly inoculated. Plants were monitored daily for the development of lesions, which routinely appeared on the inoculated leaves of the nontransformed control between 4 and 7 days postinoculation (dpi). Figure 3A shows that by 8 dpi, lesions were clearly visible on the inoculated leaves of the nontransformed control plants. Systemic disease symptoms generally were observed 8 to 10 dpi on the control plants. was removed from pMON.8439 and cloned into pGEMSZf-; the resulting plasmid was transcribed and translated in vitro. A protein of the expected size, 165 kD, was detected by SDS-PAGE (Laemmli, 1970) analysis of these translation products. In addition, the 165-kD protein could be specifically immunoprecipitated ( Figure 2B ). A control translation reaction without RNA did not produce any protein in the 165-kD range. From these experiments, we conclude that the ORF 1 gene in transgenic plants is translationally competent and that the level of ORF 1-encoded protein, if present, is below our current detection level.
Expression of Full-Length ORF 1 Confers Resistance to PVX
Self-fertilized F, progeny from seven independently transformed pMON8439 lines were analyzed for resistance to PVX. Samples from F, seedlings were assayed by an ELISA for the product of the neomycin phosphotransferase II (NPTII) gene, which is the selectable marker gene for kanamycin resistance in pMON977 Because the gene of interest integrates adjacent to the marker gene, the NPTII gene and the viral transgene In one protection test, the performance of five pMON8439 lines that express ORF 1 RNA was compared to the nontransformed control. All five of the transgenic lines showed reduced numbers of lesions when compared to the control at 6 dpi. Because lesion count data did not follow a Gaussian distribution, a square-root transformation of the count data was used to equalize the variances so that a statistical analysis could be performed. Figure 4 shows that at P = 0.01 each of the pMON8439 transgenic lines showed a highly significant reduction in lesion numbers when compared with the control line at each viral inoculum concentration. Plants from line 29436 had the fewest total lesions (four lesions on 20 plants) compared with the control (909 lesions on 20 plants). To estimate the extent of viral infection and spread in transgenic and control plants, inoculated and second upper leaves were sampled at various time points after inoculation and CP antigen levels were quantified by ELISA. Figures 5 and 6 show that the average levels of WX CP antigen in the inoculated and upper leaves were substantially reduced in four out of five pMON8439 lines when compared with the control.
From these data, together with data from other experiments (data not shown), we categorized the performance of seven pMON8439 lines into three broad classes. The first class contains lines 26697 and 26693. These lines displayed a reduction in the lesion numbers (Figure 4 ), but did not show a reduction in the estimated virus titer in either the inoculated or upper leaves. We classified these lines as displaying no virus resistance. Two pMON8439 lines, 30199 and 30205, fel1 into the second category. These lines displayed a type of resistance that can best be described as moderate resistance or a delay. In addition to having lower numbers of lesions than.the control line, these transgenic lines showed a delayed accumulation of virus, particularly in the upper leaves (Figure 6 ). The final class contains three lines, 30219, 29436, and 30198, that displayed a high level of virus resistance (Figures 3 to 6 ; data Virus antigen levels per milligram of fresh weight tissue are shown at 6, 11, and 14 dpi. Figure 3D ). Severa1 plants from line 29436 were grown for approximately 12 weeks postinoculation to obtain F2 seed. During this time, no vira1 disease symptoms were observed. When the resistance test was repeated using a homozygous F2 29436 line, the estimated virus present in the upper leaves at 14 dpi was approximately 25,000-fold lower than levels in the control line (data not shown).
Because the level of PVX resistance was so high in the ORF 1 lines, we inoculated the most resistant ORF 1 line, 29436, with a different virus to determine whether the resistance observed was limited to PVX or could be extended against other viruses. Line 29436 and nontransformed tobacco plants were inoculated with a low concentration, 0.3 pglmL, of TMV (U1 strain). By 8 dpi, all of the plants showed signs of TMV infection on inoculated and upper leaves (data not shown).
Resistance Analysis of Transgenic Tobacco Containing Subdomains of ORF 1
At least six self-fertilized F, lines transformed with each of three partia1 ORF 1 constructs, pMON8486, pMON8493, and pMON8494, were tested in resistance tests, as described above. A summary of line performance is shown in Table 1 . Plants from one resistant pMON8486 line, 26849, contained significantly fewer lesions than control plants. At 9 dpi, the average estimated virus level in the inoculated leaves of line 26849 plants inoculated with 0.5 or 5.0 pglmL PVX was 3 and 6% of the control level, respectively (data not shown). Figure  7 shows that the levels of virus in the second upper leaf were also greatly reduced. Thus, the resistance observed in line 26849 was similar to the high level of resistance previously described for the pMON8439 lines. Of the three classes of Accumulation of average CP antigen levels are shown at 9, 14, and 21 dpi. lnoculum concentrations, which are either 0.5 or5.0 pglmL PVX, are shown parenthetically after the name of the line. resistant plants observed with plants derived from pMON8439, line 26849 fel1 into the third class, which displayed a high level of resistance to PVX infection.
Nine pMON8493 lines and 11 pMON8494 lines were also analyzed in resistance tests. None of these 20 transgenic lines was resistant to PVX infection. Plants from these lines had approximately the same number of lesions as control plants and accumulated an equivalent amount of virus in the inoculated and upper leaves when compared with the nontransformed control plants (data not shown). Therefore, these results suggest that the amino-terminal half of ORF 1 is able to confer resistance.
Comparison of CP and ORF 1-Mediated Resistance
We have previously reported that expression of the PVX CP provides a high level of resistance to PVX (Hemenway et al., 1988) . The most resistant CP line identified, 6665, was compared in a resistance test to line 29436, which was the most resistant ORF 1 line. In this test, the number of plants evaluated was increased to between 12 and 16 plants per treatment, and the plants were inoculated with either 5.0 pglmL W X or 5.0 pg/mL W X RNA. Table 2 shows the average lesion counts per inoculated leaf for lines 6665, 29436, and the nontransformed control. Comparison of lesion counts, using a Mann-Whitney nonparametric test, demonstrated that the ORF 1 line consistently had a statistically significant reduction in the number of lesions when compared with the CP line. Indeed, only one lesion was observed on the 15 ORF 1 plants inoculated with 5.0 pg/mL W X RNA; similarly, one lesion was observed on the 16 ORF 1 plants inoculated with 5.0 pglmL W X .
Protection in the CP and ORF 1 plants was also compared by estimating the relative virus accumulation in the inoculated and second upper leaves at 12 dpi by CP ELISA. To estimate more accurately the level of virus in the inoculated leaves, we harvested and ground whole inoculated leaves rather than sampling by leaf discs. Because the CP line contained an endogenous level of CP from the transgene, we also harvested uninfected leaves from line 6665 plants of the same age and used these samples to subtract the endogenous levels of CP from the level of CP present in line 6665 plants after inoculation. Antigen levels for the inoculated CP and ORF 1 lines are shown in Figure 8 . Levels in infected control plants were very high and were not included in Figure 8 to emphasize the difference between the antigen levels in the transgenic lines. The control levels varied between 390 and 575 ng antigenlmg of fresh weight tissue in the inoculated leaves and between 375 and 400 in the second upper leaves. In contrast, antigen levels in both transgenic lines were significantly reduced when compared with the control. In addition, antigen levels in the inoculated leaves of the ORF 1 line were significantly lower than the CP line when plants were inoculated with either W X virus or PVX RNA ( Figure 8A ). Similarly, antigen levels in the second upper leaves of the ORF 1 line were reduced compared to the CP line (Figure 86 ).
DISCUSSION
Our results show that transgenic tobacco plants that express the putative replicase gene (ORF 1) from PVX are highly resistant to W X infection. Resistant transgenic lines are phenotypically indistinguishable from the nontransformed plants and do not display any adverse effects due to expression of the putative vira1 replicase gene. The lines exhibit lower local lesion numbers and a reduction in virus levels in both the inoculated and upper leaves when inoculated with either Lines are labeled on the abscissa, and the inoculum used to inoculate plants is shown parenthetically after the line. FINA, 5.0 pglmL FVX RNA; 5, 5.0 pg/mL PVX. Average antigen levels were determined at 12 dpi and are expressed in nanograms of antigen per milligram of fresh weight tissue. Antigen levels in the control lines, which are not displayed, ranged between 390 and 575 nglmg fresh weight in the inoculated leaves and between 375 and 400 ng/mg fresh weight in the upper leaves. a viral RNAor virus inoculum. Expression levels of ORF 1 RNA vary in the transgenic lines, and we have not observed acorrelation between the extent of protection and transcript expression levels. The lack of correlation between transgene expression and viral resistance is not uncommon (Lawson et al., 1990; Hanley-Bowdoin and Hemenway, 1992) and is a poorly understood phenomenon. We have identified one transgenic line expressing approximately the first half of the putative replicase gene that also is highly resistant to PVX infection. Conversely, transgenic tobacco lines expressing portions of the second half of ORF 1, which contain either the NTP binding or GDD motif, are susceptible to PVX infection. These results suggest that the portion first half of ORF 1.
Although expression of the transgene has been demonstrated at the RNA level, ORF 1-encoded protein has not yet been detected in transgenic plants. Given the steady state level of ORF 1 RNA in transgenic plants, we anticipate that ORF 1-encoded protein is present, but the level is below our current antibody detection limit of 0. 00201' 0 of the total extractable protein. In vitro translated ORF 1 RNA produces a serologically detectable polypeptide of the correct size ( Figure 2B ), which indicates that the transgene is translationally competent. The possibility exists, however, that the ORF 1-encoded protein may not be stable in transgenic plants because an additional viral protein or binding to high-affinity sites on the viral RNA are required for stability. Alternatively, a host response may reduce lhe levels of ORF 1-encoded protein. Further experiments are necessary to determine whether ORF 1-encoded protein is present in the transgenic plants.
There have been many examples that describe the use of a viral CP gene to produce virus-resistant transgenic plants (for review, see Beachy et al., 1990; Hanley-Bowdoin and Hemenway, 1992) . It is generally believed that the constitutive expression of the viral CP gene in the transgenic plant either prevents the inoculated virus from uncoating or affects another early step in the viral life cycle. We have shown previously that expression of the PVX CP gene provides a high level of resistance to PVX (Hemenway et al., 1988) . In this report, we demonstrate that the most resistant ORF 1 line provides a higher level of resistance to PVX than our most resistant CP line. When inoculated with either viral RNA or virus, ORF 1 plants had significantly lower numbers of lesions and a reduced level of virus in the inoculated and upper leaves. From this comparison in transgenic tobacco, we conclude that constitutive expression of ORF 1 can provide a higher level of resistance against W X than expression of PVX CP. Golemboski et al. (1990) have reported that a portion of a nonstructural gene from TMV can be used to create transgenic plants that are resistant to TMV. TMV encodes two proposed replicase proteins of 126 and 183 kD; the larger protein is produced by reading through a UGA codon. Golemboski et al. (1990) have proposed that the read-through portion, which has the coding capacity for a 54-kD protein, is expressed as a separate TMV gene product. To assign function to the putative gene encoding the 54-kD protein, they transformed tobacco (cv Xanthi nn) with the 54-kD gene and unexpectedly found that the transgenic plants were highly resistant to TMV infection.
The report by Golemboski et al. (1990) is similar to our findings in that a nonstructural viral gene or portion thereof can provide virus resistance when constitutively expressed in transgenic plants. In both reports, however, expression analysis has only been confirmed at the RNA level; neither the full-length W X ORF 1-encoded protein nor the 54-kD TMV protein has been detected in either transgenic plants or infected tissue. If these proteins are responsible for the resistance phenotype, then it is clear that they can be effective at low concentrations. Another similarity is that the level of virus resistance appears to be higher in plants transformed with the nonstructural gene sequences that encode either W X ORF 1 protein or the TMV 54-kD protein than that achieved by expressing the respective viral CP genes. Although no direct comparison has been made with plants containing the TMV CP and the gene encoding the 54-kD protein, separate reports have indicated the leve1 of resistance achieved using these genes. In the original demonstration of genetically engineered resistance using TMV CP, Abel et al. (1986) found that four out of seven CP tobacco (cv Xanthi) plants eventually showed signs of viral infection when inoculated with 0.5 F g h L of the U1 strain of TMV. Golemboski et al. (1990) found that the tobacco plants transformed with the sequence encoding the 54-kD protein, which were also cv Xanthi, did not develop any visible signs of infection when inoculated with 50 flg/mL of the U1 strain of TMV. Resistance in these plants was also observed when they were inoculated with 500 pglmL U1 TMV.
Despite these similarities, it is clear that there are fundamental differences in the reports on TMV and PVX. The effective portion of the TMV replicase gene that confers virus resistance is the read-through portion of the gene, which is approximately the last quarter of the larger putative TMV replicase gene. Expression of the TMV gene encoding the 126-kD protein does not confer resistance to TMV (Golemboski et al., 1990 ). In contrast to TMV, the effective portion of PVX ORF 1 that confers virus resistance appears to be located in the first half of ORF 1. 60th full-length PVX ORF 1 and the first half of the ORF 1 gene have been used to create PVX-resistant plants. Unlike TMV, however, expression of approximately the final quarter of the PVX ORF 1 gene does not confer virus resistance, despite the fact that the coding capacity for these portions of the PVX and TMV genes (51 kD versus 54 kD) are similar and that each region contains the conserved GDD motif which is present in many replicase genes.
Differences in CP-mediated protection also have been reported for TMV and WX. Protection in transgenic plants expressing the TMV CP is largely overcome when the plants are inoculated with TMV RNA, suggesting that the endogenous CP blocks the uncoating step when the inoculum isvirus (Nelson et al., 1987) . In contrast, transgenic plants expressing the W X CP are equally protected against both PVX and PVX RNA inocula (Hemenway et al., 1988) . These data suggest that there may be multiple mechanisms of CP-mediated resistance.
To ensure the continuing existence of both host and pathogen, biological mechanisms are often used by plants and plant viruses that allow the host to regulate or control the extent of viral infection. In other, better defined systems, viral life cycles are strictly controlled by feedback mechanisms that utilize viral gene products to regulate viral gene expression. For example, bacteriophage R17 CP down-regulates replicase expression by binding to the viral template, thus prohibiting further replicase translation (Bernardi and Spahr, 1972) . Kiho and Nishiguchi (1984) may have observed a similar type of viral control in their study of the LllA attenuated strain of TMV. Infection by LllA protects plants from further TMV infection.
LIIA virus replicates normally for approximately 4 days, but replication is diminished thereafter. This phenomenon has been termed autoregulation and is proposed to be due to the overproduction of the 183-kD putative replicase protein (Kiho and Nishiguchi, 1984) . The alfalfa mosaic (AIMV) CP also can regulate viral replication. From the analysis of AlMV replication with CP mutants, Van der Kuyl et al. (1991) have recently shown that AlMV CP both enhances plus strand synthesis and is responsible for down-regulating minus strand synthesis.
The constitutive expression of the full-length PVX ORF 1 in transgenic plants may interfere with the viral infection process by one of the following mechanisms. First, an abnormally high ORF 1 protein concentration may override a feedback inhibitor., Perhaps, by analogy to AIMV, the ORF 1 concentration is sufficient so that CP or another protein cannot regulate replication. Second, ORF 1-encoded protein may bind to the viral RNA and inhibit either the translation of another viral gene product or the packaging of the viral RNA. Third, if the PVX ORF 1-encoded protein is the replicase protein, then overexpression of the protein may titrate host factors that normally participate in the viral replication complex. A similar mechanism has been suggested by Golemboski et al. (1990) to explain the TMV resistance conferred by the expression of the nonstructural sequences that encode the putative 54-kD protein.
Recently, Carr and Zaitlin (1991) have further analyzed resistance in protoplasts derived from these transgenic plants. When these protoplasts were infected with TMV, both plus and minus strand synthesis of TMV was significantly reduced.
Assuming that ORF 1 is the replicase gene, the replicase protein that is expressed in the transgenic plants may not be the most active form of the enzyme. Our infectious clone is only 0.2% as infectious as PVX RNA (Hemenway et al., 1990) . Perhaps the replicase derived from this clone is sufficiently different from the most active replicase in the viral population so that constitutive expression of this gene somehow interferes with infection. Alternatively, the molecule responsible for conferring FVX resistance could be the ORF 1 RNA. RNA-RNA duplexes formed between transgenic ORF 1 RNA and minus strand RNA could dramatically affect replication. Priano et al. (1987) have shown that a mutant Op bacteriophage can form replicase-inactive RNA-RNA duplexes. Moreover, once formation of these duplexes exceeds 50%, viral RNA synthesis continues to decrease and eventually approaches zero (Priano et al., 1987) . Future experiments with PVX will address the mechanism of ORF 1-mediated resistance.
METHODS

Plant Transformations
Standard rnolecular techniques were used to mutagenize (Kunkel, 1985) and clone (Maniatis et al., 1982) 1988). pMON977 is a single border plant transformation vector. Constructs were verified by sequencing (Sanger et al., 1977) . Methods to mobilize plant transformation vectors into a binary Agrobacterium tumefaciens strain and to select transconjugants have been described previously (Klee et al., 1991) . Transconjugants were used to transform tobacco (Nicotiana tabacum cv Samsun nn) by the leaf disc method (Horsch et al., 1985) .
Expression Analysis
Total RNA was isolated from the primary transformed plants by the LiCl method (Goldberg et al., 1981) and used to detect transgene expression by RNA gel blot analysis (Thomas, 1980) . The various-sized ORF 1 RNAs from plants transformed with pMON8439, pMON8486, pMON8493, and pMON8494 were detected using a nick-translated ORF 1 cDNA fragment as a probe (Maniatis et al., 1982) . A pGEM3Zf-plasmid containing the ORF 1 gene from pMON8439 was used as a template for in vitro transcription and translation using the TNT" coupled reticulocyte lysate system (Promega). ORF 1-encoded protein was immunoprecipitated from the translation reaction by a 1-hr incubation with serum raised against fscherichia coli-produced, ORF 1-encoded protein, followed by a 1-hr incubation with protein A coupled to Sepharose (Sigma). After incubation, the Sepharose beads were washed according to the manufacturer's instructions and electrophoresed on an 8% SDS-PAGE (Laemmli, 1970) gel. Prior to film exposure, the gel was infused with an organic scintillant.
Virus Resistance Experiments
the inoculated leaves, one sample was taken in an area containing lesions and a second sample was taken in an area without lesions. In the second upper leaf, a sample was taken on both sides of the midrib. In the comparison of ORF 1, CP, and control line, the virus level in the inoculated leaves was estimated by harvesting both inoculated leaves at 12 dpi. Standard curves were drawn using at least 15 PVX standards per ELISA plate. An iterative process was used to solve a four parameter logistic equation that was used to determine the amount of PVX in the unknown samples (Ratkowsky and Reedy, 1986) .
